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ABSTRACT 

Gene targeting is a genetic technique to modify an 
endogenous DNA sequence in its genomic location 
via homologous recombination (HR) and is useful 
both for functional analysis and gene therapy appli- 
cations. HR is inefficient in most organisms and cell 
types, including mammalian cells, often limiting 
the effectiveness of gene targeting. Therefore, 
increasing HR efficiency remains a major challenge 
to DNA editing. Here, we present a new concept for 
gene correction based on the development of DNA 
aptamers capable of binding to a site-specific DNA 
binding protein to facilitate the exchange of homolo- 
gous genetic information between a donor molecule 
and the desired target locus (aptamer-guided gene 
targeting). We selected DNA aptamers to the l-Scel 
endonuclease. Bifunctional oligonucleotides con- 
taining an l-Scel aptamer sequence were designed 
as part of a longer single-stranded DNA molecule 
that contained a region with homology to repair an 
l-Scel generated double-strand break and correct a 
disrupted gene. The l-Scel aptamer-containing 
oligonucleotides stimulated gene targeting up to 
32-fold in yeast Saccharomyces cerevisiae and up 
to 16-fold in human cells. This work provides a 
novel concept and research direction to increase 
gene targeting efficiency and lays the groundwork 
for future studies using aptamers for gene targeting. 

INTRODUCTION 

Targeted gene modification is a powerful tool for re- 
searchers interested in functional analysis of genes and 
potentially for gene therapy applications. The primary 
limitation of gene targeting is the low frequency with 
which it occurs in many organisms and cell types, 
including mammalian cells, occurring in roughly one cell 
for every 10^-10^ treated cells (1). The low frequency of 
gene targeting, which relies on HR is due in part to the 



much higher frequency of random integration via non- 
homologous end joining (NHEJ), which occurs in about 
1 cell for every 10^-10"^ treated cells (1). 

Several strategies have been used to increase the fre- 
quency of gene targeting. It was shown that a DNA 
double-strand break (DSB) at the target site increases 
the frequency of gene targeting several orders of magni- 
tude in bacteria (2), yeast (3), plants (4), fruit flies (5), mice 
(6), human embryonic stem cells (7) and many other cell 
types. Another strategy to increase gene targeting in mam- 
malian cells has been achieved through the overexpression 
of key recombination proteins from HR proficient organ- 
isms. Overexpression of bacterial RecA led to a 10-fold 
increase in gene targeting in mouse cells (8); Hkewise, 
overexpression of yeast Rad52 led to a 37-fold increase 
in gene targeting in human cells (9). Conversely, another 
approach for increasing gene targeting in human cells 
involves decreasing the amount of DSB repair through 
the pathway of NHEJ. In mouse embryonic stem cells, 
an increase in gene targeting was seen in Ku70 (6-fold), 
XRCC4 (2-fold) and DNAPK-cs-deficient cell lines 
(2-fold) (10), and a 3-fold increase in Chinese hamster 
ovary cells lacking DNAPK-cs (11). Similarly, knockdown 
of Ku70 and XRCC4 in human colon cancer cells led to a 
30-fold increase in gene targeting (12). 

Different from the methodologies mentioned above that 
focused on increasing HR or decreasing NHEJ, it was 
shown that knockout of the RAD51 recombinase 
prevents DSB-induced sister chromatid exchange (13), 
and thus facilitates gene targeting by single-stranded 
oligonucleotides at the site of a DSB in both haploid 
and diploid yeast systems (14). Gene correction close to 
a DSB by single-stranded oHgonucleotides does not 
require Rad51, but only the strand anneaUng function of 
Rad52 (14). Thus, deleting Rad51 favours DSB-driven re- 
combination by oHgonucleotides by strongly reducing the 
competition with the sister chromatid and/or the homolo- 
gous chromosome for DSB repair (13-15). Similarly, it 
was shown that by knocking down human SMCl, import- 
ant for HR between sister chromatids, gene targeting in- 
creases (16). Without proximity to the DSB site, the sister 
chromatid was used less frequently as a donor, shifting 
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repair of the DSB more towards HR with the exogenous 
donor sequence. 

Here we have developed a novel gene targeting 
approach, in which we bind a site-specific DNA binding 
protein by a DNA aptamer to target a donor molecule to a 
specific genetic locus for correction (aptamer-guided gene 
targeting [AGT]). DNA aptamer s are sequences of DNA 
that are able to bind to a specific target with high affinity 
because of their unique secondary structure (17). The 
AGT approach increases the efficiency of gene targeting 
by guiding the exogenous donor DNA into the vicinity of 
the site targeted for genetic modification. By tethering the 
exogenous donor DNA to the site-specific homing endo- 
nuclease I-Scel, which recognizes an 18-bp sequence and 
generates a DSB (18), we achieved targeted delivery of 
exogenous donor DNA to the site of the I-Scel DSB in 
different genomic locations in yeast and human cells, 
facilitating gene correction by the donor DNA. DNA 
aptamers were selected for binding to the I-Scel protein 
using a variant of capillary electrophoresis systematic evo- 
lution of ligands by exponential enrichment (CE-SELEX) 
called 'Non-SELEX' (19). By synthesizing a DNA oHgo- 
nucleotide that contained the I-Scel aptamer sequence as 
well as homology to repair the I-Scel DSB and correct a 
target gene, we were able to increase gene targeting 
frequencies up to 32-fold over a non-binding control in 
yeast, and up to 16-fold over a non-binding control in 
human cells. Our strategy offers a novel way to increase 
gene targeting and represents the first study to use 
aptamers in the context of gene correction. 

MATERIALS AND METHODS 

Aptamer selection 

The protein of interest, I-Scel, was provided by F. Gimble 
(Purdue University, West Lafayette, IN) in storage buffer 
(lOmM KPO4, pH 7.4, lOOnM EDTA, 1 mM DTT, 
100 mM NaCl and 50% glycerol). Before selection, to 
remove storage buffer components, I-Scel was dialyzed 
in run buffer 1 (RBI), 50 mM Tris-HCl at pH 8.2, 
yielding a concentration of 3 |iM I-Scel in RBI. RBI 
was the run buffer used for the capillary electrophoresis. 
The DNA Hbrary was purchased from Alpha DNA 
(Montreal, Quebec, Canada) and contained the following 
sequence: 5^_CTTCTGCCCGCCTCCTTCC-(N)36-GAC 
GAGATAGGCGGACACT_3^ (Supplementary Table 
SI). The library was composed of a sequence with 36 
random nucleotides flanked by two fixed 19-base regions 
used later as primer sequences for polymerase chain 
reaction (PGR) amplification using the forward aptamer- 
ampHfying primer PI (5^_CTTCTGCCCGCCTC CTTCC 
_30 and the reverse primer P2 (5^_AGTGTCCGCCTATC 
TCGTC_30 (Supplementary Table SI). 

The protocol for SELEX using capillary electrophoresis 
(CE) was essentially as described earlier (20), but with a 
few modifications. Initial caHbrations were done with a 
serial dilution of the aptamer Hbrary in RBI. The free 
DNA run time with 1 00 nM of the library was determined 
(Supplementary Figure SI A). The initial bulk affinity 
assay was performed with 1.5 jiM I-Scel and 100 nM 



DNA to visualize peaks corresponding to I-Scel-DNA 
complexes and determine the aptamer collection window 
from the beginning of the first complex peak to the end of 
the last complex peak (Supplementary Figure SIB). CE 
was done using a Beckman Coulter (Atlanta, GA, USA) 
P/ACE MDQ with laser-induced fluorescence (LIF) detec- 
tion. The LIF was composed of a 488-nm air-cooled argon 
ion laser along with an on-board detector. CE runs were 
carried out with a voltage of 10 kV. The first round of 
selection began after determination of the collection 
window based on the bulk affinity analysis. For the 
initial round of in vitro selection, the DNA library (5 |il 
at 200 |iM) was mixed with 5 |il of selection buffer 3 (SB3) 
(100 mM Tris-HCl at pH 8.2, 200 mM NaCl and 10 mM 
MgCl2) for a final concentration of 100 jiM DNA library, 
50 mM Tris-HCl at pH 8.2, 100 mM NaCl and 5mM 
MgCl2. This mixture was heated in the BioRad iCycler 
to 94° C for 1 min, and then cooled to 20° C at a rate of 
0.5°C/s. After the folding of the DNA library, 5|il of 
200 nM I-Scel dissolved in selection buffer 1 (SBl) 
(50 mM Tris-HCl at pH 8.2, 100 mM NaCl and 5mM 
MgCl2) was added to 5 |il of the DNA-SB3 mixture to 
make the final volume to 10 |il. This brought the final con- 
centrations to 50|iM DNA library, lOOnM I-Scel, 
lOOmM NaCl, 5mM MgCl2 and 50 mM Tris-HCl (pH 
8.2). The collection window was from the beginning of 
the first complex peak to the end of the last complex 
peak, well before the free DNA peak. The fraction col- 
lected was typically 0.3-0.5 |il that was collected into a 
tube containing 10|il of the above mixture except 
without any additional DNA. After 15 min of incubation 
at room temperature, this new mixture was used in subse- 
quent rounds of selection. Despite the reduction in I-Scel 
concentration compared with the bulk affinity assay, 
complexes were still observed for the first round of selec- 
tion (Supplementary Figure S2A). In the second round of 
selection, the ratio of DNA forming a complex compared 
with free DNA was much higher than in the first round 
(Supplementary Figure S2B). Selection proceeded to a 
third round; however, no complexes were observed due 
to the low amount of total DNA (Supplementary Figure 
S2C). The fraction collected from the second round of CE 
containing DNA forming a complex with I-Scel was used 
for subsequent analysis as an aptamer pool. 

Quantitative real-time-PCR and amplification of the 
aptamer pool 

After the aptamer selection, the collected fraction contain- 
ing the aptamer pool was analysed through quantitative 
real-time PCR (qRT-PCR) using the ABI (Carlsbad, CA, 
USA) StepOnePlus Real-Time PCR system. qRT-PCR 
analysis was essential to determine the optimum number 
of cycles for subsequent PCR amplification of the aptamer 
pool. qRT-PCR was done with the forward aptamer-amp- 
lifying primer PI (5^_CTTCTGCCCGCCTCCTTCC_30 
and the reverse primer P2 (5^_AGTGTCCGCCTATCTC 
GTC_30, respectively (Supplementary Table SI). The 
primers were designed using OHgoAnalyzer (http://www. 
idtdna.com/analyzer/AppHcations/OHgoAnalyzer/) to 
Hmit complementarity to each other, thus to reduce 
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occurrence of primer dimers during PCR amplification 
reactions, and were ordered from Eurofins MWG 
Operon (Huntsville, AL, USA). For amplification, 20 |il 
of PCR mix was prepared consisting of 10|il of 2X 
Quanta SYBR Green PCR Master Mix (Roche, Basel, 
Switzerland), 0.6 |il of 10 |iM PI, 0.6 |il of 10 |iM P2, 1 |il 
of collected fraction as template and 7.8 jil H2O. The 
qRT-PCR set-up included one cycle with a denaturation 
step at 94°C for 30 s, followed by 50 cycles with a denatur- 
ation step at 94°C for 10 s, an annealing step at 55°C for 
10 s and an extension step at 72°C for 10 s, followed by 
another extension at 72° C for 1 min, ending by holding 
at 4°C. 

Following qRT-PCR, the fraction containing the poten- 
tial aptamers was ampHfied using standard PCR. PCR 
was done in a 100 |il volume consisting of 1 |il of 5U/|il 
Ex Taq polymerase, 3 |il of 10 |iM forward primer PI, 3 |il 
of 10|iM reverse primer P2, 10|il of 10 x Mg^^ buffer 
(Takara Ex Taq, Clontech Laboratories, Mountainview, 
CA, USA), 8 III of 2.5 mM each dNTP, 70 |il H2O and 5 |il 
of the collected fraction from capillary electrophoresis. In 
a previous protocol to select DNA aptamers, it was shown 
that over-amplification of the random oHgonucleotide 
library leads to formation of non-specific products (21); 
therefore, the random Hbrary was only ampHfied to ~50% 
of the maximum yield as measured by qRT-PCR. 

Cloning and sequencing 

Post-selection DNA cloning of the aptamer pool was done 
with the TOPO Zero Blunt Cloning Kit (Invitrogen, 
Grand Island, NY, USA). Standard PCR with unlabelled 
primers PI and P2 was used to generate double-stranded 
DNA containing the aptamer sequence, which was then 
blunt-end Hgated into the PCR-Blunt II-TOPO vector that 
contains the kanamycin resistance gene. After transform- 
ation into Escherichia coli DH5a cells, colonies were 
selected for growth on kanamycin-containing media 
(kanamycin final concentration was 40|ig/ml). Plasmid 
DNA was crudely extracted by placing selected colonies 
into 50 |il of RNase/DNase-free water and incubating in a 
boiling water bath for 5 min. Debris was pelleted by cen- 
trifugation for 10 min at lOOOOg and the supernatant was 
used for an asymmetric PCR. Asymmetric PCR, in which 
the concentration of the PI primer was 10-fold higher 
(10|iM) than that of the P2 primer (1 |iM), with FAM- 
labelled primer PI (Pl-FAM) and unlabelled primer P2 
were used on the plasmid DNA to predominately 
generate the strand of interest, which was then analysed 
using CE with LIF. PCR products were used with 1.5 |iM 
I-Scel in the same manner described previously for CE 
analysis. Individual plasmids that showed strong binding 
through their asymmetric PCR products were isolated 
using the GeneJET Plasmid Miniprep Kit (Thermo 
Scientific, Pittsburgh, PA, USA) and sequenced by 
Eurofins MWG Operon (Huntsville, AL, USA). Based 
on sequencing results, several candidate aptamers were 
chosen and ordered as salt-free oligonucleotides. 
Consensus sequence was analysed using ClustalW2 
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). 



Electrophoretic mobility shift assay 

Potential aptamer oligonucleotides and a negative control 
oligonucleotide were 5^ labelled with P^^ y-ATP using T4 
Polynucleotide Kinase (New England Biolabs, Ipswich, 
MA, USA). The negative control (Pl-r-P2) consisted of 
an oligonucleotide of the same length as the random DNA 
library (74 bases), contained the same flanking primer 
regions and had a fixed sequence for its internal region 
5-CTTCTGCCCGCCTCCTTCCGGTCGGGCACACC 
TGTCATACCCAATCTCGAG GCCAGACGAGATA 
GGCGGACACT-3^ (Supplementary Table SI). The 
internal region was chosen using a random DNA 
sequence generator with a specified GC content of 
5 0 % (h ttp : / /www . f acuity . ucr . edu/ ~mmadur o /random . 
htm). Electrophoretic mobility shift assay (EMS A) condi- 
tions were as described previously (22), with some modi- 
fications. For a more detailed description see 
Supplementary Materials and Methods. 

Yeast strains 

Three different strain backgrounds were used for these 
studies, BY4742 {MAT^ his3M leu2 AO lys2 AO ura3 AO) 
(3), 55R5-3C [MAT3, ural omega' C321 (chloramphenicol 
resistant)] (23) and FRO-767 (leu2::H0cs^, mat2iA\\hisG, 
hoA, hmlA'.'.ADEl, hmrA.'.ADEl, adel, Ieu2-3J12, lys5, 
trpl::hisG, ura3-52, ade3::GAL::H0) (24) (Supplementary 
Table S2). The TRP5, ADE2 and LEU 2 loci were tested in 
the BY4742 background. The TRPl, ADE2 and LEU2 
loci were tested in the 55R5-3C background. The TRP5 
locus was also tested in the FRO-767 background. 

For the TRP5 locus, yeast strains FRO-155 (T5B) and 
FRO-526 (T5) (3) were used (Figure 1). Yeast haploid 
strain FRO-155 {MATa his3Al leu2A0 lys2A0 
^r;?5::GSHU /j^2::Alu IR) contains the GSHU cassette 
(including the I-Scel gene SCEl under the 
inducible GALl-10 promoter, the hygromycin resistance 
gene hyg and the counterselectable URA3 gene from 
Kluyveromyces lactis (KIURA3 marker gene) and the 
I-Scel site (HOT site) in TRP5 (3). FRO-526 is identical 
to FRO-155 except that instead of the GSHU cassette, the 
TRP5 gene is disrupted with the CORE-UK cassette 
(the counterselectable KIURA3 marker gene along with 
the KanMX4 gene conferring G418 resistance). These 
strains, along with isogenic isolates FRO- 156 (isogenic 
to FRO-155), and FRO-527 (isogenic to FRO-526) were 
used for gene correction at the TRP5 locus. Additionally, 
RAD52 deletion in FRO-155 was achieved by replacing 
the RAD52 gene with the kanMX4 gene in strains PAT- 
44 and PAT-45. 

All other strains expressing I-Scel were generated by 
integrating the GSH cassette (including the I-Scel gene 
SCEl under the inducible GALl-10 promoter and the 
hygromycin resistance gene hyg) into each respective 
locus and strain background. For the strains to contain 
the I-Scel recognition site [TIB in which GSH with the 
I-Scel site was integrated into TRPl (PAT- 18, 19), A2B in 
which GSH with the I-Scel site was integrated into ADE2 
(PAT-22, 23, 32, 33) and L2B in which GSH with the 
I-Scel site was integrated into LEU2 (BPL-1, 2, PAT-20, 
21, 34-37)], the GSH cassette was PCR-amplified from 
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trpS 

T5B(H0) -^K^^B- 

Figure 1. Scheme of targeted yeast loci. The FRO- 155/ 156 strain, 
shown above as T5B, contains the I-Scel break site (blue ellipse), and 
a cassette with the I-Scel gene SCEl under the galactose inducible 
GALl-10 promoter, the hygromycin resistance gene hyg, as well as 
the counterselectable KIURA3 gene in a construct that has been 
inserted into the TRPS gene. FRO-526/527, shown as T5, contains 
only the kanMX4 gene and the KIURA3 gene in a cassette that has 
been inserted into the TRP5 gene. All other I-Scel strains shown 
contain the GSH cassette (the I-Scel gene SCEl under the galactose 
inducible GALl-10 promoter and the hyg gene) either with the I-Scel 
break site (TIB, A2B, L2B) shown as a blue ellipse or without the 
I-Scel site (Tl, A2, and L2). Strain HK-225/226, shown as T5B(HO), 
contains the HO break site (orange ellipse with HO) inserted into the 
TRPS gene. 

plasmid pGSHU (3) using primers with 50-base homology 
tails to the respective integration site along with the 
18-base I-Scel site upstream of the GALl-10 promoter 
(Figure 1). The strains lacking the I-Scel site [Tl in 
which GSH without the I-Scel site was integrated into 
TRPl (PAT-24, 25), A2 in which GSH without the 
I-Scel site was integrated into ADE2 (PAT-28, 29, 42, 
43) and L2 in which GSH without the I-Scel site was 
integrated into LEU2 (BPL-4, 5, PAT-26, 27, 38-41)] 
were generated in the same way except with primers 
lacking the I-Scel site (Figure 1). 

Strains HK-225 and HK-226 (isogenic to each other) 
derive from FRO-767 and were constructed as follows. 
First, the HO site in leu2 was eliminated by replacing 
leu2\:H0cs with an insertion (Supplementary Table S2). 
Second, a functional TRPl gene was introduced in place 
of HISS, and using the delitto perfetto approach (25), the 
HO cut site (124 bp) was inserted in the middle of TRP5 
exactly in the same position in which we had inserted the 
I-Scel site in the above described constructs. The sequence 
of the HO cut site was verified by sequence analysis. 

A detailed Hst of the strains is presented in 
Supplementary Table S2. 

Yeast transformations using oligonucleotides 

Transformations were done as previously described 
with minor variations (25). Briefly, 50 ml of yeast 



extract-peptone-lactic acid (YPLac) (lactic acid 2%), pH 
5.8, or yeast extract-peptone-dextrose (YPD) Hquid 
culture was inoculated ~24h before transformation and 
incubated with vigorous shaking at 30°C. YPLac was used 
as a neutral carbon source so as not to induce I-Scel ex- 
pression until plating the transformations to selective gal- 
actose-containing media. YPD was used to repress I-Scel 
expression until plating the transformations to selective 
glucose-containing media. Transformations were done 
with 1 nmol of total oHgonucleotide DNA, with the excep- 
tion of the PAGE-purified oHgonucleotides in which 
transformations were done with 500pmol of total oligo- 
nucleotide DNA. For the transformations testing to de- 
termine whether the aptamer was working in trans, we 
used two oligonucleotides, 500pmol of each oligonucleo- 
tide, such that the combined total oHgonucleotide DNA 
used was 1 nmol. Sequences of oligonucleotides used for 
repair can be found in Supplementary Table SI. Cells 
from each transformation were diluted appropriately 
and plated to synthetic complete medium lacking the re- 
spective amino acid and containing 2% galactose for 
I-Scel induction, 2 or 0.2% galactose for HO induction 
or 2% glucose for I-Scel or HO repression. The exception 
to this is the experiment to determine the position of the 
aptamer in the targeting DNA sequence (at the 5^ or y 
end). For this experiment, I-Scel was induced 3h by 
addition of galactose (final concentration 2%) to the 
Hquid YPLac medium before transformation by oligo- 
nucleotides, and cells were plated on selective media con- 
taining glucose. Viability after transformation was 
calculated by plating to glucose-containing synthetic 
complete medium. ViabiHty after transformation for the 
I-Scel-containing strains was typicaHy 20-40% both on 
glucose and galactose. The HO-containing strain had a 
low viability after HO DSB induction, 0.53% in 2% gal- 
actose and 1.09% in 0.2% galactose, whereas its viabiHty 
was ~25% in glucose. The frequency of gene correction is 
based on the number of transformants relative to 10^ 
viable ceHs that formed a colony on galactose-containing 
synthetic complete medium (or glucose-containing syn- 
thetic complete medium depending on the transformation 
experiment). Yeast cell culture and standard molecular 
biology techniques were used as previously described 
(24,26). 

Human cell lines, plasmids and procedures 

Human embryonic kidney (HEK-293) ceHs were grown in 
Dulbecco's modified Eagle's medium (DMEM) 
(Mediatech, Manassas, VA, USA), supplemented with 
10% heat-inactivated fetal bovine serum (Gemini Bio- 
Products, West Sacramento, CA, USA) and Ix 
penicillin/streptomycin (Lonza, WalkersviHe, MD, 
USA). Cells were grown at 37°C in a water-jacketed 5% 
CO2 humidified incubator (NuAire, Plymouth, MN, 
USA). Plasmid pLDSLm contains the DsRed2 gene, re- 
sponsible for producing red fluorescent protein (RFP), 
disrupted by a 37-bp region containing the 18-bp site for 
the I-Scel endonuclease preceded by two stop codons. 
Plasmid pEGFP300-disDsRed2 was modified to make 
plasmid pLDSLm. pEGFP300-disDsRed2 is identical to 
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pdisEGFP300-disDsRed2 described in Katz et al. (27) 
with the disrupted non-functional GFP replaced by a 
functional GFP gene. Although not relevant for this 
work, plasmid pEGFP300-disDsRed2 also contains a 
LexA DNA binding domain (DBD) site upstream of the 
CMV promoter of the disrupted DsRed2 gene (inserted 
using primers LexAF ACAGTGCTAAGTGGATCCGT 
ACTGTATGTACATACAGTACACCGTATTACCGC 
CATGCAT and LexAR ATTGAGTTCCTAGGATCCG 
TACTGTATGTACATACAGTACATCTCGGTCTATT 
CTTTTGA) and a mutated LexA DBD site downstream 
of the disrupted DsRed2 gene's polyA tail (inserted using 
primers IVMLexAM-F CAAAAGAATAGACCGAGAT 
GTACTGTACATATGTACAGTACGGATCTGGTAC 
CTTGTATTA and IVMLexAM-R TAATACAAGGTA 
CC AGATCCGTACTGTACATATGTACAGTACATC 
TCGGTCTATTCTTTTG). Plasmid pSce (a gift from 
M. Porteus, Stanford University, CA, USA) contains the 
I-Scel endonuclease gene expressed under the CMV/CBA 
promoter as described previously (28). Cells were trans- 
fected using polyethylenimine (PEI, Polysciences, 
Warrington, PA, USA) transfection reagent in 24-well 
plates seeded at a density of ~ 150 000 cells per well 
(29,30) 24 h before transfection. For transfections in 
HEK-293 cells, the plasmid DNA was used in the 
amount of 0.5 )ig for the expression vector, as well as 
0.5 |ig for the targeted vector, and the repairing DNA 
oligonucleotide used was 1 |ig, unless otherwise indicated. 
For the transfections with I-Scel digested pLDSLm, 0.5 |ig 
of the linearized pLDSLm vector was used with 1 |ig of 
repairing DNA oligonucleotide. Digestion of the 
pLDSLm vector was done using I-Scel (New England 
Biolabs, Ipswich, MA, USA). Ten micrograms of 
plasmid pLDSLm was digested using 15 U I-Scel, 250 ng 
bovine serum albumin (BSA), 10 x I-Scel buffer (New 
England Biolabs, Ipswich, MA, USA) and water to a 
final volume of 50|il. Digestions were done overnight at 
37°C. In all transfection experiments, the oligonucleotides 
and the plasmid were diluted in DMEM without supple- 
ments, and then PEI was added, the solution was vortexed 
and added to the wells 10-15 min later. Red fluorescent 
cells were visualized by fluorescent microscopy using a 
Zeiss Observer Al microscope and an AxioCam MRm 
camera (Zeiss, Thornwood, NY, USA). Frequencies of 
RFP positive cells were obtained by flow cytometric 
analysis using the BD FACS Aria II Cell Sorter (BD 
Biosciences, Sparks, MD, USA) for RFP detection 5-8 
days following transfection. For certain transfections, 
wells of 24-well plates were seeded with 1 50 000 cells (on 
the day before transfection) and 5-8 days after transfec- 
tion individual fluorescent cells per well were counted 
using a fluorescence microscope just before flow cytometry 
analysis. From the seeding time and the time of counting 
or flowcytometric analysis, cells are 8-10 times more 
numerous per well. Sequences of oHgonucleotides used 
to repair the DsRed2 gene are listed in Supplementary 
Table SI. 



mfold secondary structure prediction 

Secondary structure prediction software was used on the 
A7 aptamer-containing oHgonucleotides used for gene 
correction. The program mfold (http://mfold.rna.albany. 
edu/?q = mfold/DNA-Folding-Form) was used to identify 
secondary structure at approximately physiological ion 
concentrations that were also used for the aptamer selec- 
tion (90 mM Na+ and 5mM Mg+^). Folding was done at 
either 30°C (for the yeast oHgonucleotides) or 37°C (for 
the human oHgonucleotides) (31,32). 

Data presentation and statistics 

Graphs were made using GraphPad Prism 5 (Graphpad 
Software, La Jolla, CA, USA). Data are plotted as mean 
values with 95% confidence intervals shown. Statistical 
significance was determined using nonparametric two- 
tailed tests (Mann- Whitney U test). 

RESULTS AND DISCUSSION 

Rationale 

This work is designed as a proof-of-principle concept or 
prototype to show that by binding a protein that guides 
the correcting donor DNA into proximity to its genetic 
target via an aptamer, AGT, the efficiency of gene target- 
ing increases. In this study, the chosen protein is the site- 
specific meganuclease I-Scel. The strategy involves using a 
DNA aptamer to I-Scel to link the targeting DNA and 
I-Scel. The hypothesis is that by delivering targeting DNA 
within proximity to the site of cleavage, gene targeting 
frequencies can be increased. 

Selection for an aptamer to I-Scel 

A fluorescently-labelled DNA Hbrary consisting of single- 
stranded 74-mer oHgonucleotides containing a central 
36-nt variable region (Supplementary Table SI) was 
loaded with I-Scel protein on CE with LIF. Two rounds 
of selection were done to obtain DNA aptamers to I-Scel. 
Several potential aptamers from the selection pool of 
aptamers were again run with I-Scel and weak, moderate 
and strong binding aptamers were identified 
(Supplementary Figure S3). The 17 strongest binding 
aptamers identified were selected for sequencing. Several 
of the sequences were repeated, such that there were only 
11 unique strong binding aptamer sequences (Table 1), 
which showed no general consensus sequence. Of the 11 
unique sequences, only three contained the original length 
of the aptamer region, 36 bases, from the random DNA 
library. The difference in sequence length from the starting 
library is not uncommon in aptamer selection (33-35). 

After sequencing the 11 strongest binding aptamers, 
these candidate aptamers were further characterized 
using EMS A gels to confirm their binding capacity to 
I-Scel. Of the candidate aptamers, several showed consist- 
ent and reproducible binding to I-Scel (Supplementary 
Figure S4). Of these, two sequences were chosen to 
design synthetic oHgonucleotides based on their length 
and their abiHty to bind to I-Scel, namely, I-Scel 
aptamer 4 (A4), which was 28 nucleotides, and I-Scel 
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Table 1. Aptamer sequences to I-Scel 



T5B on Galactose 



Name Size Sequence 



Al 17 TCAGTTCCTTGGTTAGG 

A3 36 TCTAAGACTTGTGAGTCATACGGTGGGACGCGGTAA 

A4 28 TGAAGGCCAAAACGGCTGAATCGATAGT 

A5 26 GCCTTGCTTGAACTGGTAGCACATGT 

A6 42 CTCCTGGTCTAGACGAGCCTCACTTTCCAAATCATGACGAGA 
TAGGCGGAC 

A7 36 GCGGGCGCTGTTGACAGCGGTCAGGTGGATGGGATG 

A8 35 CTGCATTTCCTATGGACACAGTGCTTCGTTCAATC 

A9 35 GAGTGCCGCGGGGGACTGTCAAGTCGCTGGGTCTA 

AlO 35 AGGCAGACGCCTCTGACGCAAGGTGCATTGCCTTT 

All 18 ATGTGTATTTGCCAGTAA 

A18 36 GTTGCGCTCTAGCTGATCGTGTTTATCCCAAAGGCA 

Shown are the 11 strongest I-Scel aptamer sequences. The aptamer A4 
and A7 chosen for further analysis are shown in bold. The A7 aptamer 
is also underhned. 



aptamer 7 (A7), which was 36 nucleotides. These two 
oligonucleotides were synthesized polyacrylamide gel elec- 
trophoresis (PAGE) purified, FAM-labelled for fluores- 
cence and underwent further testing by CE with LIF. 
The binding affinities by CE were calculated to be 
~3.16|iM for A7 (Supplementary Figure S2D) and 
~52.49|iM for A4 (not shown), by a method described 
previously (36); thus, it appeared that A7 was a stronger 
binder to I-Scel than A4. 
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Figure 2. A bifunctional oHgonucleotide with the I-Scel aptamer 
sequence at the 5' end and the donor sequence at 3' end is more 
effective at gene targeting in yeast. Frequency of gene correction in 
yeast by the A7 aptamer with primers from the random DNA hbrary 
at either the 5' or y end of a longer ohgonucleotide to repair the trp5 
gene (X axis) measured by the number of Trp^ transformants per 10^ 
viable cells (Y axis) in the FRO- 155 (T5B) strain plated to galactose 
media. Bars correspond to the mean value, and error bars represent 
95% confidence intervals. For additional information see 
Supplementary Table S3. 



The I-Scel aptamer stimulates gene correction in yeast 

Experiments of gene correction were done in yeast 
S. cerevisiae cells using bifunctional single-stranded 
DNA oHgonucleotides containing the aptamer region of 
the A4 or A7 I-Scel aptamer at one end, and the donor 
repairing sequence at the other end. First, we determined 
on which end (5^ or 30 the I-Scel aptamer should be pos- 
itioned in the bifunctional molecule to obtain more effect- 
ive stimulation of gene targeting. For this experiment, the 
A7 aptamer with primers PI and P2 from the random 
DNA library was synthesized as part of the 5^ end or the 
3^ end of the repairing bifunctional oHgonucleotides 
(P1-A7-P2.TRP5.40 for the aptamer with primers at the 
5^ end of the bifunctional oHgonucleotide and 
TRP5.40.P1-A7-P2 for the aptamer at the 3' end) 
(Supplementary Table SI), which contained 40 bases of 
homology to correct a disrupted TRP5 gene in yeast 
strain FRO-155/156 (T5B in Figure 1) and restore 
function of the TRP5 gene. Results showed that having 
the aptamer region at the 5^ end of the bifunctional 
molecule was much more efficient at gene targeting than 
with the aptamer region at the y end (Figure 2). Likely, 
having the homology region of the donor sequence at the 
y end faciHtates the homology search to the target locus, 
rather than being a polarity preference of the annealing 
protein Rad52 (37). The aptamer-containing oHgonucleo- 
tide with the primers (P1-A7-P2.TRP5.40) was compared 
with the non-binding random control with primers (Pl-r- 
P2.TRP5.40), and there was a 1.25-fold (P = 0.0008) 
increase using the aptamer-containing oHgonucleotide 
(data not shown). The low increase in gene targeting for 



this experiment stems from the fact that I-Scel was 
induced before plating such that most cells already had 
the DSB before transformation with the oligonucleotides. 
For all subsequent experiments, I-Scel was induced by 
directly plating cells on the selective medium containing 
galactose. 

Previous studies of aptamer selection showed that the 
primer sequences from the random DNA library that 
flank the aptamer region in the SELEX process do not 
generally contribute to aptamer binding (38-40), and 
they can be removed without affecting the binding 
function of the aptamer sequence. Therfore, we 
removed the primer regions surrounding the \-Sce\ 
aptamer sequence in the bifunctional oligonucleotides, 
and this also allowed us to extend the sequence length of 
the gene-correction donor part of the bifunctional 
molecule. OHgonucleotides that contained the aptamer se- 
quences from A4 or A7 at the 5^ end of a DNA sequence 
containing 54 bases of homology to restore the disrupted 
trp5 gene (A4.TRP5.54 and A7.TRP5.54, Supplementary 
Table SI) were tested in yeast strains FRO-155/156 and 
FRO-526/527 (T5B and T5 in Figure 1) for their capacity 
to restore the functionality of the trp5 gene. In addition to 
the aptamer-containing oligonucleotides used to correct 
the trp5 gene a negative control oligonucleotide was 
used. Because of the inability of the library primers PI 
and P2 to bind I-Scel, these were used in place of the 
aptamer sequence in a new sequence (C) as part of the 
non-binding negative control oHgonucleotide used to 
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repair trp5 (C.TRP5.54) (Supplementary Table SI). Using 
the A4 or A7 aptamer-containing oligonucleotides to 
repair the trp5 gene, we found that the A7 aptamer- 
containing oligonucleotide (A7.TRP5.54) significantly 
increased (P< 0.0001) the level of gene correction 7-fold 
compared with the negative control (C.TRP5.54) or the 
other aptamer-containing oHgonucleotide A4.TRP5.54 
(P< 0.0001) in the FRO-155/156 strain, in which the 
I-Scel gene was expressed and the I-Scel site was present 
at the target site (T5B in Figure 3A). FRO-526, the strain 
that did not have the I-Scel site and also did not express 
the I-Scel gene (T5 in Figure 3B), showed no significant 
difference between the A7 aptamer-containing oligo- 
nucleotide A7.TRP5.54, the A4 aptamer-containing oHgo- 
nucleotide A4.TRP5.54 {P = 0.2161) or the negative 
control C.TRP5.54 (P = 0.702). As an additional 
control, FRO-155/156 (T5B) was grown and plated to 
glucose-containing media. Without galactose induction 
for the expression of I-Scel, there was no significant dif- 
ference between the aptamer-containing oligonucleotide 
A7.TRP5.54 and the negative control C.TRP5.54 
(P = 0.814) or the other aptamer-containing oHgonucleo- 
tide A4.TRP5.54 (P = 0.109) (Figure 3C). These controls 
refute the possibility that the aptamer (A7) sequence is 
simply protecting the oligonucleotide from degradation 
better than the non-binding control sequence (C). If the 
non-binding control sequence did not protect the repair 
template as effectively as A7, then one would expect that 
the control sequence would consistently be lower in gene 
targeting efficiency than the A7 aptamer, which is not the 
case when the I-Scel site is not present or when the I-Scel 
protein is not expressed. 

Gene targeting stimulation by the I-Scel aptamer is more 
effective for a donor with short homology 

Although decreasing the donor's region of homology gen- 
eraHy leads to less efficient gene correction (3), we 
postulated that it might be possible to detect an even 
greater fold-difference in gene correction efficiency from 
the aptamer-containing oHgonucleotide over the non- 
binding control if the aptamer was attached to a shorter 
donor. By shortening the donor homology region of the 
A7.TRP5.54 bifunctional oHgonucleotide from 54 bases to 
40 bases (A7.TRP5.40), the overaH frequency of repair 
decreased as expected. However, the frequency of repair 
at the trp5 locus using the shorter donor showed an even 
greater fold difference between the A7 aptamer-containing 
oligonucleotide and the non-binding negative control 
(from 7-fold to 15-fold) (P< 0.0001) (Figure 3D). 
Oligonucleotides that contained neither the aptamer 
region nor the control non-binding sequence [no 5^ non- 
homologous 'tail' (NT in Figure 3D)] were inefficient at 
targeting (Figure 3D) because without the 5^ non-homolo- 
gous DNA the oHgonucleotide donor sequence was less 
stable [Storici,F., unpubHshed data and (24)]. Similarly, 
the overall repair frequency of the A7.TRP5.40 oligo- 
nucleotide was lower than that of the P1-A7-P2.TRP5.40 
oligonucleotide due to the greater lengths of the P1-A7- 
P2.TRP5.40 oligonucleotide (Figures 2 and 3D). A 
possible reason for the increased difference in gene 



correction frequency between the aptamer-containing 
molecule and the control molecule could also be that the 
shorter oligonucleotides were more likely to have the 
aptamer region intact. Non-purified 100-mer oHgonucleo- 
tides synthesized at a coupling efficiency of 99.5% contain 
~60% fuH-length product, with the other 40% being 
truncated oHgonucleotides (41) (truncated at the 5^ end 
of the oHgonucleotide, which in our system would be the 
aptamer region). Based on the idea that fuH-length oligo- 
nucleotides would have higher likelihood to contain the 
intact aptamer region, polyacrylamide gel electrophoresis 
(PAGE)-purified oligonucleotides were tested at the trp5 
locus in yeast strain FRO-155. The PAGE-purified oligo- 
nucleotides showed a greater fold difference in repair of 
trp5 with the aptamer oligonucleotide as compared 
with the control than the non-purified oHgonucleotides 
(Figure 3E). Although the fold difference between the 
aptamer and the control was higher in the purified oligo- 
nucleotides [27-fold (P = 0.0057) for A7.TRP5.54-P and 
32-fold (P = 0.0004) for A7.TRP5.40-P], the fold differ- 
ence of the shorter oHgonucleotide (A7.TRP5.40-P) was 
stiH more prominent than the longer oHgonucleotide 
(A7.TRP5.54-P). These results suggest the aptamer can 
be more effective with a shorter homology region. 

Aptamer-guided gene targeting is effective at numerous 
different targeted genomic loci in yeast 

We next tested the effectiveness of AGT with the I-Scel 
aptamer at numerous other loci in the yeast genome to 
verify that the results obtained at the trp5 gene were not 
locus specific. In these new loci, the A7 aptamer was 
compared with the non-binding control (C). Because 
aptamer A4 was not increasing gene targeting (likely due 
to its lower binding affinity to I-Scel) at the trp5 locus, it 
was not used at other loci. At each of these loci, the GSH 
cassette containing the I-Scel gene under the inducible 
GALl-10 promoter along with the hygromycin resistance 
gene hyg were integrated into different endogenous 
marker genes responsible for the metabolism of nucleo- 
tides or amino acids, generating auxotrophic mutants for 
the respective nucleotide or amino acid. The ADE2 and 
LEU2 loci were chosen as targets in the BY4742 strain 
background, and the TRPl, ADE2 and LEU 2 loci were 
chosen in the 55R5-3C strain background (Figure 1). For 
each locus, two types of strains were made in which one 
had the integrated GSH cassette with the 18-bp I-Scel 
recognition site (TIB, A2B and L2B in Figure 1) and 
one strain that had the cassette but did not have the 
I-Scel site (Tl, A2 and L2 in Figure 1) (see 'Materials 
and Methods' section). FoHowing transformation by the 
bifunctional oHgonucleotides with the aptamer for I-Scel 
or the control region, at every locus tested, using two or 
more isogenic strain isolates, there was a significant 
increase in gene targeting with the aptamer-containing 
(A7) oHgonucleotide compared with the negative control 
(C) oHgonucleotide when I-Scel was induced by galactose 
and the I-Scel site was present (Figures 3 A and 4A). There 
was ~3-fold increase for the ade2 locus (P< 0.0001 for 
both BY4742 and 55R5-3C), -2-fold increase for the 
leu2 locus (P = 0.0074 for BY4742 and P = 0.0175 for 
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Figure 3. The I-Scel aptamer stimulates gene targeting in yeast strain background BY4742. Frequency of gene correction in yeast using aptamer- 
containing oligonucleotides shown in light grey and non-binding control oHgonucleotides in dark gray (X axis) measured by the number of 
transformants per 10^ viable cells (Y axis) with no oligonucleotide controls averaged in (A) strains from the BY4742 background containing the 
I-Scel break site and the I-Scel gene under the GALl-10 promoter grown on galactose media (T5B, A2B and L2B on galactose), (B) strains that did 
not contain the I-Scel site grown on galactose media (T5, A2, and L2 on galactose), (C) same strains shown in A) but grown on glucose-containing 
media (T5B, A2B, and L2B on glucose). (D) Frequency of gene correction in yeast by shorter targeting oligonucleotides with only 40 bases of 
homology, including oligonucleotides without a 5' non-homologous tail ('no tail' NT.TRP5.40, NT.ADE2.40 and NT.LEU2.40) of the aptamer 
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55R5-3C) and -2.5-fold for the trpl locus (P< 0.0001). 
We point out that gene correction frequencies in strain 
55R5-3C are lower than in BY4742 strain. This could be 
due to the strain to strain variation because the cassettes 
used to induce the DSB were the same for the two strains. 
Despite this difference in the level of correction frequency, 
the I-Scel aptamer stimulates gene targeting in both 
strains. Importantly, in the strains lacking the I-Scel site 
there was no significant difference between the aptamer- 
containing (A7) and non-binding (C) oligonucleotides 
(Figures 3B and 4B) {P = 1 for the ade2 locus, and 
P = 0.9297 for the leu2 locus in the BY4742 background 
and P = 0.185 for the trpl locus, P = 1 for the ade2 locus 
and P = 0.5076 for the leu2 locus in the 55R5-3C back- 
ground). Likewise, when the strains containing the I-Scel 
site were grown and plated to glucose-containing media, 
there was no significant difference between the aptamer- 
containing (A7) and non-binding (C) oligonucleotides 
{P = 0.4382 for the ade2 locus, and P = 0.1907 for the 
leu2 locus in the BY4742 background and P = 0.3581 
for the trpl locus, P = I for the ade2 locus and 
P = 0.8252 for the leu2 locus in the 55R5-3C background) 
(Figures 3C and 4C). 

For the ade2 and leu2 loci in the BY4742 strain back- 
ground by shortening the homology region from 54 to 40 
bases, the overall level of repair decreased, similarly to the 
results at the trp5 locus. While the shorter aptamer con- 
taining oHgonucleotide at the trp5 locus showed a greater 
fold increase over the non-binding control, no significant 
difference between the aptamer and the non-binding 
control oHgonucleotides was observed for targeting at 
the ade2 or the leu2 loci using the shorter form of the 
oligonucleotides (Figure 3D). In addition to shortening 
the donor length, oligonucleotides were tested in which 
there was no 5^ non-homologous 'tail' (NT) that did not 
contain the aptamer or the non-binding control sequence 
but only the homology region for gene correction. Each of 
these oligonucleotides (NT.ADE2.40 and NT.LEU2.40) 
had very low gene correction frequency (Figure 3D). 

The I-Scel aptamer stimulates gene targeting in cis 

To exclude the possibility that the aptamer binding to 
I-Scel could change the structure of I-Scel such that the 
function of I-Scel would be enhanced, therefore 
stimulating gene targeting of the donor molecule in 
trans, we performed the following experiment. We trans- 
formed the L2B strains in the BY4742 background that 
contain the I-Scel gene and the I-Scel site with the 
C.LEU2.54 or the C.LEU2.40 oligonucleotide, each in 
combination with either the A7.TRP5.40 or the 



C.TRP5.40 oligonucleotide. Among the aptamer-contain- 
ing oligonucleotides tested in yeast, the A7.TRP5.40 
showed the highest fold-difference over the non-binding 
control (C.TRP5.40) (Figure 3D). Because both the 
A7.TRP5.40 and C.TRP5.40 have no capabiHty to repair 
the leu2 locus, we envisioned that if the A7.TRP5.40 had 
stimulated donor targeting in trans at the trp5 locus, 
A7.TRP5.40 should also stimulate donor targeting at the 
leu2 locus by C.LEU2.54 or C.LEU2.40. In this experi- 
ment, the C.TRP5.40 would serve as a negative control to 
A7.TRP5.40 because it does not bind to I-Scel. Co-trans- 
formation of C.LEU2.54 or C.LEU2.40 with A7.TRP5.40 
did not result in higher frequency of correction than using 
C.TRP5.40 (P = 0.6424 for C.LEU2.54 and P = 1 for 
C.LEU2.40) (Figure 3F). These data support the conclu- 
sion that the I-Scel aptamer acts in cis with the donor 
region on the same bifunctional oHgonucleotides to stimu- 
late gene targeting. This result also contradicts the possi- 
bihty that the aptamer binding to I-Scel could be 
inhibiting I-Scel function to bind or cleave. Aptamer in- 
hibition of DNA binding and/or cleavage by I-Scel would 
lead to a decrease in gene repair, but cotransformation 
with A7.TRP5.40 had no effect on leu2 repair frequency. 

I-Scel aptamer stimulates gene targeting only in the 
presence of I-Scel and its cut site 

To verify the specificity of the I-Scel aptamer, we designed 
an experiment to test whether the I-Scel aptamer 
promoted gene targeting only in the presence of I-Scel 
endonuclease and its cut site or was able to stimulate 
gene correction also when a different homing endonucle- 
ase was expressed and its cut site replaced the I-Scel cut 
site in the yeast trp5 locus. We modified a strain (FRO- 
767) that expresses the HO endonuclease under the GALl 
inducible promoter and which we previously used to study 
DSB repair by synthetic oHgonucleotides (24). By engin- 
eering FRO-767, we constructed strains HK-225 and HK- 
226, which contain the HO cut site in the middle of the 
TRP5 gene in the exact same locus in which the I-Scel site 
was inserted in our strains [T5B(HO)] (Figure 1). We 
transformed strains FRO-155/156 (T5B) with the I-Scel 
endonuclease and its cut site, and HK-225/226 
[T5B(HO)] with the HO endonuclease and its cut site 
using the bifunctional oHgonucleotides with the aptamer 
for I-Scel (A7.TRP5.40) or the control sequence 
(C.TRP5.40). Cells were incubated in the presence of 
either 2% galactose to induce the expression of the 
I-Scel or HO endonuclease, or 2% glucose to repress the 
expression of the I-Scel or HO endonuclease. For the ex- 
pression of the HO endonuclease, we also used 0.2% 



Figure 3. Continued 

region or the non-binding control sequence. (E) Frequency of gene correction in yeast by PAGE-purified oligonucleotides at the trp5 locus in the 
FRO-155/156 (T5B) strain grown on galactose for the induction of I-Scel. (F) Frequency of gene correction following co-transformation of strains 
PAT-34 and PAT-35 (L2B), grown on galactose for I-Scel induction, with C.LEU2.54 or C.LEU2.40 with A7.TRP5.40 or C.TRP5.40. 
(G) Frequency of gene correction in yeast by the A7.TRP5.40 or C.TRP5.40 oHgonucleotides at the trp5 locus in the I-Scel containing strain 
FRO-155/156 (T5B) or in the HO-containing strain HK-225/226 [T5B(HO)] grown on galactose for the induction of I-Scel or HO, or on glucose for 
the repression of I-Scel or HO. Bars correspond to the mean value and error bars represent 95% confidence intervals. Asterisks denote statistical 
significant difference between the aptamer-containing oligonucleotide and the corresponding non-binding control (*P<0.05; **P<0.01; 

0.001 and 0.0001), and the fold change in the gene correction frequency is indicated. For additional information see 

Supplementary Tables S4A and S5-S8. 
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Figure 4. The I-Scel aptamer stimulates gene targeting in yeast strain 
background 55R5-3C. Frequency of gene correction in yeast using 
oligonucleotides with aptamer-containing oHgonucleotides in hght 
grey and non-binding control oligonucleotides in dark grey (X axis) 
measured by the number of transformants per 10^ viable cells (Y 
axis) with no ohgonucleotide controls averaged in (A) strains from 
the 55R5-3C background containing the I-Scel break site as well as 
the I-Scel gene under the GALl-10 promoter grown on galactose 
media (TIB, A2B, and L2B on galactose), (B) strains that did not 
contain the I-Scel site grown on glucose containing media (Tl, A2, 



galactose because HO is much more efficient than I-Scel 
for induction of the DSB [(24) and this work]. Results 
presented in Figure 3G show that the A7 I-Scel aptamer 
strongly stimulated gene correction over the control oligo- 
nucleotide (9.2-fold by mean comparison; P = 0.0286) at 
the trp5 locus only with induction of I-Scel by galactose 
and when the I-Scel cut site was present. Differently, the 
A7 I-Scel aptamer increased gene correction 1.6-2-fold 
over the control ohgonucleotide with induction of HO 
by galactose and when the HO cut site was present. 
Although not statistically significant, a similar 1.6-2-fold 
effect for the A7 I-Scel aptamer over the control ohgo- 
nucleotide was also detected in glucose for the I-Scel and 
HO strains, respectively (Figure 3G and Supplementary 
Table S8). Thus, while there may be a slight effect by 
the aptamer alone, it is only the expression of I-Scel, 
and not HO, that activates the aptamer function of the 
A7 sequence to stimulate gene targeting by the 
A7.TRP5.40 oligonucleotide. These results demonstrate 
that the I-Scel aptamer does not simply stabilize the 
donor DNA sequence and that most of its stimulatory 
effect to promote gene correction is specific to I-Scel. 

AGT relies on Rad52 

In a vad52-mx\\ FRO- 155 background strain, repair of trp5 
was much less efficient (Supplementary Figure S5) than in 
wild- type RAD 5 2 cells (Figure 3A). Comparing the repair 
level of A7.TRP5.54 in vad52 and RAD52 cells, there is a 
significant (P< 0.0001) 20 000-fold decrease in the xad52- 
null background. Similarly, correction frequency by the 
control C.TRP5.54 ohgonucleotide also drops several 
thousand fold. The xad52 strain had a high level of 
prototrophic clones occurring with no ohgonucleotide 
addition. This is consistent with an increased frequency 
of large deletions at a DSB site by NHEJ in a rad52-rm\\ 
compared with a wild-type RAD52 background (42) that 
after hgation restore the function of the initially disrupted 
marker gene. Despite the high background level of repair 
in the xad52-rm\\ strain, there was a significant 
{P = 0.0261) difference between the no ohgonucleotide 
control and the aptamer-containing oligonucleotide, but 
there was no significant difference between the no ohgo- 
nucleotide control and the non-binding control oligo- 
nucleotide (P = 0.2432), suggesting that the aptamer 
may stimulate gene targeting even in the absence of 
Rad52. However, there was no significant difference 
between the non-binding control oligonucleotide and the 
aptamer-containing ohgonucleotide (P = 0.6902). 



Figure 4. Continued 

and L2 on glucose), (C) same strains shown in A) but grown on 
glucose-containing media (TIB, A2B or L2B on glucose). For both 
(B) and (C), the frequency of gene correction for the ade2 locus was 
<0.2 and <0.4, respectively (not shown). Bars correspond to the mean 
value and error bars represent 95% confidence intervals. Asterisks 
denote statistical significant difference between the aptamer-containing 
oligonucleotide and the corresponding non-binding control (*P<0.05; 
**P<0.01; ***P< 0.001 and < 0.0001), and the fold change in 

the gene correction frequency is indicated. For additional information 
see Supplementary Table S4B. 
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I-Scel aptamer stimulates gene targeting in human cells 

In addition to the in vivo testing in yeast, we examined the 
ability of the A7 I-Scel aptamer to stimulate gene target- 
ing in human embryonic kidney (HEK-293) cells. The de- 
fective marker gene we used was for the red fluorescent 
protein (RFP), DsRed2, with the DsRed2 gene carried on 
a plasmid, pLDSLm. Episomal plasmid substrates are 
valuable tools to study mechanisms of gene correction in 
human cells. An I-Scel recognition site and two stop 
codons disrupted the function of DsRed2. In addition to 
the targeted plasmid, bifunctional oligonucleotides were 
transfected along with an I-Scel expression vector, pSce, 
to repair the DSB generated by the I-Scel nuclease and 
restore the function of the DsRed2 gene. Similarly to the 
studies in yeast, we used bifunctional oligonucleotides that 
contained the A7 aptamer sequence at the 5^ end or a non- 
binding control sequence of equal length, and a donor 
sequence of 54 nt with homology to the DsRed2 gene at 
the y end. As in yeast, the non-binding control consisted 
of the primers from the random DNA Hbrary shown not 
to influence binding to I-Scel. 

Using an oHgonucleotide containing the A7 aptamer 
and 54 bases of homology to DsRed2 (A7.Red.54), there 
was a significant {P = 0.0012), ~2-fold, increase in repair 
over the non-binding control (Figure 5A). As in yeast, 
oligonucleotides with shorter homology regions y to the 
aptamer or non-binding control sequence were designed 
and tested, using oHgonucleotides with 40 or 30 bases of 
homology (Supplementary Table SI). Similar to our 
results at the TRP5 locus in yeast, the shorter oHgonucleo- 
tides with 40 bases of homology (A7.Red.40 and 
C. Red. 40) had lower overall gene targeting frequency 
compared with the longer oHgonucleotides (A7.Red.54 
and C. Red. 54) due to the decreased homology of these 
oligonucleotides. However, comparing repair of the 
A7.Red.40 oligonucleotide relative with the corresponding 
non-binding control oligonucleotide C. Red. 40 
(Figure 5A), there was a 6-fold increase {P = 0.0067) in 
gene targeting measured by flow cytometry. Comparing 
the A7.Red.30 and C. Red. 30 oligonucleotides by flow 
cytometry, there was a 4-fold increase {P = 0.0146). We 
observed a high level of background from the flow 
cytometer that we thought could be obscuring the fold- 
difference seen with the aptamer-containing oligonucleo- 
tides over the non-binding control oligonucleotides, espe- 
cially in the case of the shortest oHgonucleotides, those 
with only 30 bases of homology to DsRed2. Using fluor- 
escence microscopy, manual hand counts of the RFP^ 
ceHs in each weH were conducted (Figure 5B), and for 
the oHgonucleotides with 54 and 40 bases of homology, 
the hand counts and the readings by flow cytometry were 
in agreement, but for the A7.Red.30 oHgonucleotide 
compared with the C. Red. 30 oHgonucleotide, a 16-fold 
increase (P< 0.0001) in repair relative to the non- 
binding control was observed instead of the 4-fold 
increase detected by flow cytometry. 

AGT relies on the presence of the I-Scel protein to drive 
the aptamer-containing correction oligonucleotide to the 
targeted site, and without I-Scel expression there was no 
significant difference between the aptamer-containing 



oHgonucleotides and the non-binding oligonucleotides in 
yeast. To verify the increase in gene targeting in human 
cells by AGT, the targeted vector (pLDSLm) was digested 
with I-Scel in vitro before transfection. By digesting the 
vector in vitro and without co-transfection of the I-Scel 
expression vector, the aptamer would not be able to be 
targeted to the I-Scel site by I-Scel. FoHowing co- 
transfection of the linearized vector and the oHgonucleo- 
tides, the overaH frequency of RFP^ ceHs increased for 
both the aptamer-containing and control oHgonucleotides 
compared with experiments in which the I-Scel DSB was 
generated in vivo. This is expected because the I-Scel site 
had been efficiently cleaved before transfection by over- 
night in vitro digestion of the pLDSLm vector with excess 
I-Scel enzyme. Differently from the results obtained in 
human cells expressing I-Scel that are presented in 
Figure 5A and B, without the vector expressing I-Scel 
there was only a 1.6-fold difference (although not statis- 
tically significant, P = 0.0952) between the A7.Red.40 and 
the non-binding C. Red. 40 control, and no difference 
(P = I) between the A7.Red.30 and the non-binding 
C. Red. 30 control (Figure 5C). However, for the A7- 
aptamer containing oHgonucleotide with 54 bases of 
homology to DsRed2 (A7.Red.54) compared with the 
non-binding control (C. Red. 54), there was a significant 
1.75-fold difference (P = 0.0079). These data demonstrate 
that the increase in RFP^ frequency observed for the 
shorter A7.Red.40 and A7.Red.30 oHgonucleotides 
(6-fold for A7.Red.40, and 4-fold for A7.Red.30 or 
16-fold with the hand counts for the same oHgonucleotide) 
(Figure 5A and B) is due to the A7 aptamer sequence of 
these oHgonucleotides, and it occurs only when the I-Scel 
protein is expressed in the targeted cells. 

I-Scel aptamer stem-loop secondary structure is important 
for I-Scel AGT 

For the aptamer to bind to I-Scel, it must form a particu- 
lar structure. The additional DNA needed for gene cor- 
rection could potentiaHy disrupt the aptamer structure. To 
investigate this possibiHty secondary structure predic- 
tion software mfold (http: //mfold.rna.albany .edu/?q 
= mfold/dna-folding-form) was used on ah the oligo- 
nucleotides tested in yeast and human cells for gene cor- 
rection to determine lowest free energy secondary 
structures under physiological conditions (see 'Materials 
and Methods' section). Using this program, the A7 
aptamer with both primers from the DNA library shows 
a hairpin with a 4-nt loop that forms from the internal 
aptamer sequence (Figure 6A). This hairpin was seen in 
both of the oligonucleotides (P1-A7-P2.TRP5.40 and 
TRP5.40.P1-A7-P2) used to determine which end (5' or 
y) of the bifunctional oHgonucleotide the aptamer 
region should be on (Figure 6B-D). The aptamer region 
without the primers showed a similar hairpin structure at 
its 5^ end (Figure 6E). The lowest free-energy (most stable) 
structures predicted for the bifunctional A7 aptamer-con- 
taining oligonucleotides in yeast with 54-base homology 
regions (A7.TRP5.54, A7.TRP1.54, A7.ADE2.54 and 
A7.LEU2.54) all formed this aptamer hairpin near the 5^ 
end of the oHgonucleotide (Figure 6F, H, I and K). It was 
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Figure 5. The I-Scel aptamer stimulates gene targeting at the DsRed2 locus in human cells. (A) Flow cytometry analysis of several transfections in 
HEK-293 cells, the different samples are shown on the X axis with aptamer-containing oligonucleotides in light grey and non-binding control 
ohgonucleotides in dark grey and the number of RFP^ cells per 100000 cells is shown on the Y axis. Negative controls were the cells alone (no 
DNA, only transfection reagent alone), the I-Scel expression vector alone (pSce), the targeted vector (pLDSLm) that contained the DsRed2 gene 
disrupted with two stop codons and the I-Scel site alone and the individual ohgonucleotides alone. Transfections of ohgonucleotides with both pSce 
and pLDSLm added are bracketed. (B) Hand counts of each transfection were done in HEK-293 cells in heu of flow cytometry, which was 
overreporting the number of background RFP^ cells for the shorter ohgonucleotides. The different samples are shown on the X axis and the 
number of RFP^ cells per 150000 cells seeded is shown on the Y axis. Negative controls did not show any RFP^ cells. (C) Flow cytometry analysis 
of transfections of the in vitro digested pLDSLm vector, the different samples shown on the X axis and the number of RFP^ cells per 100000 cells is 
shown on the Y axis. Negative controls were the cells alone (no DNA), the digested vector alone and the individual ohgonucleotides alone. 
Transfections with both the digested vector and an ohgonucleotide are bracketed. Bars correspond to the mean value and error bars represent 
95% confidence intervals. Asterisks denote statistical significant difference between the aptamer-containing ohgonucleotide and the corresponding 
non-binding control (*/*< 0.05; **p< 0.01; 0.001 and < 0.0001), and the fold change in the gene correction frequency is indicated. For 

additional information see Supplementary Tables S9 and SIO. 
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Figure 6. Predicted secondary structure of oligonucleotides containing the I-Scel aptamer. Lowest free-energy secondary structures predicted for the 
oHgonucleotides used in yeast and human cells containing the A7 aptamer sequence (aptamer hairpin highhghted in green). (A) The A7 aptamer with 
primers PI and P2 from the random DNA library. (B) P1-A7-P2.TRP5.40 oligonucleotide. (C) The TRP5.40.P1-A7-P2 oligonucleotide. (D) The 
aptamer loop from (C), which was obscured by the overlapping stem-loop. (E) The A7 aptamer without primers from the random DNA hbrary. 
(F) The A7.TRP5.54 oligonucleotide. (G) The A7.TRP5.40 oligonucleotide. (H) The A7.TRP1.54 oligonucleotide. (I) The A7.ADE2.54 oligonucleo- 
tide. (J) The A7.ADE2.40 oligonucleotide. (K) The A7.LEU2.54 oligonucleotide. (L) The A7.LEU2.40 oligonucleotide. (M) The A7.Red.54 oligo- 
nucleotide. (N) The A7.Red.40 oligonucleotide. (O) The A7.Red.30 oHgonucleotide. 



interesting to note, however, that while the A7.TRP5.54, 
A7.TRP1.54 and A7.ADE2.54 oligonucleotides had 
several bases without secondary structure following the 
aptamer hairpin on the 3^ side, the oligonucleotide to 



repair LEU2 (A7.LEU2.54) contained only a single base 
between the aptamer hairpin and another stem-loop struc- 
ture. This might explain why the A7.LEU2.54 oligo- 
nucleotide, while still capable of increasing gene 
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aptamer donor 




Figure 7. Aptamer-guided gene targeting model. (A) Bifunctional-tar- 
geting oligonucleotides containing the A7 aptamer at the 5^ end along 
with a region of homology to restore the function of a defective gene of 
interest are transformed/transfected into the cell. The I-Scel endonucle- 
ase is produced from the chromosome (yeast) or from a transfected 
expression vector (humans). (B) The A7 aptamer then binds to the 
I-Scel protein, either in the cytoplasm (shown here) or in the nucleus. 



targeting, showed the least fold difference in repair over 
the non-binding control. When analysing the secondary 
structures of the A7 aptamer-containing oligonucleotides 
with 40 base homology regions (A7.TRP5.40, 
A7.ADE2.40 and A7.LEU2.40), there was no significant 
change in secondary structure for each of the oligonucleo- 
tides compared with the longer oligonucleotides, except 
for the A7.TRP5.40 oHgonucleotide, which formed a 
stable stem loop structure but opposite to the aptamer 
hairpin (Figure 6G, J and L). Analysing the predicted sec- 
ondary structure of the bifunctional oligonucleotides to 
target DsRed2, we found that the DsRed2 aptamer- 
containing oHgonucleotide with 54 bases of homology 
(A7.Red.54) was predicted to form the aptamer hairpin 
(Figure 6M). Similar to the A7.LEU2.54 oligonucleotide, 
the A7.Red.54 oHgonucleotide was predicted to have 
another large stem-loop structure close to the y end of 
the aptamer hairpin, and this would be consistent with 
the in vivo result that for the A7.Red.54 oHgonucleotide 
the A7 aptamer is not facilitating gene targeting compared 
with the non-binding control in human cells via its specific 
interaction with I-Scel. If the A7 aptamer structure was 
unable to form for the A7.Red.54 oligonucleotide, it 
would explain the similar fold-difference over the non- 
binding control with or without I-Scel expression (2-fold 
with I-Scel expression and 1.75-fold without). For the 
shorter oHgonucleotides with 40 (A7.Red.40) or 30 
(A7.Red.30) bases of homology to DsRed2 (Figure 6N 
and O), both were predicted to form the aptamer 
hairpin. The A7.Red.40 oligonucleotide is similar in struc- 
ture to the A7.Red.54 oHgonucleotide, except that the 
stem-loop predicted to form after the aptamer hairpin 
has a smaller loop region (7 bases compared with 13 
bases), which may not interfere with the aptamer 
binding. Interestingly, the A7.Red.30 oligonucleotide, 
which had the highest fold difference compared with the 
non-binding control (C. Red. 30) in human ceHs, had a sec- 
ondary structure similar to that of the A7.TRP5.40 oligo- 
nucleotide, which showed the highest fold difference in 
yeast. Taken as a whole, these results provide relevant 
insights into oHgonucleotide design for AGT. In the case 
of the I-Scel aptamer, the design of oligonucleotides to be 
most efficient for AGT is the one in which the aptamer 
stem-loop structure is intact and distant from other sec- 
ondary structures. Although not employed here, the use of 
a linker between the aptamer and the homology regions 
might prove useful to ensure proper binding to I-Scel by 
the A7 aptamer. 



Figure 7. Continued 

(C) I-Scel drives the bifunctional oHgonucleotide to the targeted locus 
containing the I-Scel site, and (D) generates a DSB at the I-Scel site. 
(E) Resection of the 5' ends of the DSB gives rise to single-stranded y 
DNA tails. (F) The 3' tail of the bifunctional oHgonucleotide anneals to 
its complementary DNA sequence on the targeted DNA, and after the 
non-homologous sequence is clipped, (G) DNA synthesis proceeds on 
the template sequence. (H) After unwinding of the bifunctional oHgo- 
nucleotide, a second anneaHng step occurs between the extended 3' end 
and the other y end generated from the DSB. (I) Further processing, 
gap-filHng DNA synthesis, and subsequent Hgation complete repair and 
modification of the target locus. 
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CONCLUSION 

The AGT described here takes advantage of the fact that a 
single DNA molecule can have more than one function. 
By constructing a bifunctional DNA oligonucleotide to 
contain an aptamer region at its 5^ end and a donor 
region to repair a genomic locus at its y end, we were 
able to tether the donor DNA of choice to the site- 
specific endonuclease I-Scel. By tethering the donor 
DNA to I-Scel, we succeeded in delivering the donor 
DNA close to the site of the I-Scel DSB, and thus next 
to the desired targeting locus. Using bifunctional oligo- 
nucleotides in which the predicted hairpin structure of 
the aptamer to I-Scel formed, we stimulated gene target- 
ing specifically when the I-Scel endonuclease was ex- 
pressed and the I-Scel site was present in every genomic 
locus tested, in both yeast (up to 32-fold) and human cells 
(up to 16-fold). Overall, in this study, we provide several 
lines of evidence that a DNA aptamer for a homing endo- 
nuclease, like I-Scel, can guide donor DNA to the vicinity 
of the nuclease cut site to increase the efficiency of gene 
correction close to the cut site and enhance the specificity 
of the genetic modification (Figure 7). Exploiting the 
I-Scel aptamer in AGT, the donor molecule is brought 
in the vicinity of its target site, and this may not only 
increase HR with the desired locus but also potentially 
reduce the likelihood of random integration. 

In addition to the efficacy of the I-Scel aptamer at 
increasing gene targeting, the AGT system provides a 
novel function for aptamers. Aptamers themselves are a 
relatively new discovery, with the first aptamer selection 
protocols separately published in 1990 (43,44). Aptamers 
have been used as biosensors (45,46) and as therapeutics 
(47), but much of their function can be simplified to 
binding and fluorescing (sensor) or binding and inhibiting 
(therapy) or binding and being endocytosed (therapy). 
The aptamer for I-Scel that we selected binds and is 
targeted to a specific DNA site. This represents not only 
a novel gene targeting strategy but also a novel use of an 
aptamer. The novelty and uniqueness of our AGT system 
lay the foundation for generating and exploiting other 
aptamers for gene targeting. It may be possible to obtain 
aptamers for other site-specific homing endonucleases, or 
for more modular nucleases, like zinc-finger nucleases 
(ZFNs) (48), transcription activator-like effector nucleases 
(TALENs) (49) or the Cas9 nuclease of the clustered regu- 
larly interspaced short palindromic repeat (CRISPR) 
system (50). Furthermore, the potential aptamer targets 
to stimulate gene correction in cells are not limited to 
endonucleases but could be any protein that facihtates 
the targeting process, such as transcription factors, HR 
proteins or even NHEJ proteins. With our AGT system, 
there was a significant increase in gene repair, and it is 
possible that stronger binding aptamers would have an 
even greater impact. The work described here represents 
a novel proof-of-principle study, where we show that 
aptamers can be used as tools for gene targeting. 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online. 



ACKNOWLEDGEMENTS 

The authors thank R. Moerschell and D. Schaffer for 
providing stimulating discussions and ideas that triggered 
this work, and for suggestions on the manuscript. They 
also acknowledge F. Gimble for providing the I-Scel 
protein, Matthew Porteus for the pSce plasmid, T.J. 
Cradick and K. Mukherjee for critical reading of the 
manuscript, the Storici laboratory for constructive 
feedback, the 2012 BIOL-4590-C class for assistance in 
strain construction, J. Pohl for the use of the capillary 
electrophoresis machine with laser-induced fluorescence 
and B. Dujon for the 55R5-3C yeast strain. They are 
also grateful to the funding sources Hsted below for sup- 
porting this work. 



FUNDING 

This work was supported by Georgia Cancer Coalition 
[R9028]; NIH [R21EB9228]; Georgia Tech Fund for 
Innovation in Research and Education [GT-FIRE- 
1021763 to F.S.]. Funding for open access charge: 
Georgia Institute of Technology (to F.S.). 

Conflict of interest statement. None declared. 



REFERENCES 

1. Vasquez,K.M., Marburger,K., Intody,Z. and WilsonJ.H. (2001) 
Manipulating the mammalian genome by homologous 
recombination. Proc. Natl Acad. Sci. USA, 98, 8403-8410. 

2. Nussbaum,A., Shalit,M. and Cohen, A. (1992) Restriction- 
stimulated homologous recombination of plasmids by the RecE 
pathway of Escherichia coli. Genetics, 130, 37-49. 

3. Storici,F., Durham,C.L., Gordenin,D.A. and Resnick,M.A. (2003) 
Chromosomal site-specific double-strand breaks are efficiently 
targeted for repair by ohgonucleotides in yeast. Proc. Natl Acad. 
Sci. USA, 100, 14994-14999. 

4. Puchta,H., Dujon,B. and Hohn,B. (1993) Homologous 
recombination in plant cells is enhanced by in vivo induction of 
double strand breaks into DNA by a site-specific endonuclease. 
Nucleic Acids Res., 21, 5034-5040. 

5. Banga,S.S. and Boyd,J.B. (1992) Oligonucleotide-directed site- 
specific mutagenesis in Drosophila melanogaster. Proc. Natl Acad. 
Sci. USA, 89, 1735-1739. 

6. Rouet,P., Smih,F. and Jasin,M. (1994) Expression of a site- 
specific endonuclease stimulates homologous recombination in 
mammalian ceUs. Proc. Natl Acad. Sci. USA, 91, 6064-6068. 

7. Smih,F., Rouet,P., Romanienko,P.J. and Jasin,M. (1995) Double- 
strand breaks at the target locus stimulate gene targeting in 
embryonic stem cells. Nucleic Acids Res., 23, 5012-5019. 

8. Shcherbakova,O.G., Lanzov,V.A., Ogawa,H. and Filatov,M.V. 
(2000) Overexpression of bacterial RecA protein stimulates 
homologous recombination in somatic mammahan cells. Mutat. 
Res., 459, 65-71. 

9. Di Primio,C., Galli,A., Cervelh,!., Zoppe,M. and Rainaldi,G. 
(2005) Potentiation of gene targeting in human cells by expression 
of Saccharomyces cerevisiae Rad52. Nucleic Acids Res., 33, 
4639-4648. 

10. Pierce,A.J., Hu,P., Han,M., Ellis,N. and Jasin,M. (2001) Ku 
DNA end-binding protein modulates homologous repair of 
double-strand breaks in mammahan cells. Genes Dev., 15, 
3237-3242. 

11. Allen,C., Kurimasa,A., Brenneman,M.A., Chen,D.J. and 
Nickoloff,J.A. (2002) DNA-dependent protein kinase suppresses 
double-strand break-induced and spontaneous homologous 
recombination. Proc. Natl Acad. Sci. USA, 99, 3758-3763. 



e61 Nucleic Acids Research, 2014, Vol. 42, No. 7 



Page 16 of 16 



12. Bertolini,L R-, Bertolini,M., Maga,E A., Madden,K.R. and 
Murray, J. D. (2009) Increased gene targeting in Ku70 and Xrcc4 
transiently deficient human somatic cells. Mol. Biotech., 41, 
106-114. 

13. Fasullo,M., Giallanza,P., Dong,Z., Cera,C. and Bennett,T. (2001) 
Saccharomyces cerevisiae RAD51 mutants are defective in DNA 
damage-associated sister chromatid exchanges but exhibit 
increased rates of homology-directed translocations. Genetics, 158, 
959-972. 

14. Storici,F., Snipe,J.R., Chan,G.K., Gordenin,D.A. and 
Resnick,M.A. (2006) Conservative repair of a chromosomal 
double-strand break by single-strand DNA through two steps of 
anneahng. Mol. Cell. Biol, 26, 7645-7657. 

15. Lambert,S. and Lopez,B.S. (2001) Role of RAD51 in 
sister-chromatid exchanges in mammahan cells. Oncogene, 20, 
6627-6631. 

16. Potts,P.R., Porteus,M.H. and Yu,H. (2006) Human SMC5/6 
complex promotes sister chromatid homologous recombination by 
recruiting the SMC 1/3 cohesin complex to double-strand breaks. 
EMBO J., 25, 3377-3388. 

17. Ni,X., Castanares,M., Mukherjee,A. and Lupold,S.E. (2011) 
Nucleic acid aptamers: cHnical appHcations and promising new 
horizons. Curr. Med. Chem., 18, 4206-4214. 

18. Niu,Y., Tenney,K., Li,H. and Gimble,F.S. (2008) Engineering 
variants of the I-Scel homing endonuclease with strand-specific 
and site-specific DNA-nicking activity. /. Mol. Biol., 382, 
188-202. 

19. Berezovski,M., Musheev,M., Drabovich,A. and Krylov,S.N. 
(2006) Non-SELEX selection of aptamers. /. Am. Chem Soc, 
128, 1410-1411. 

20. Berezovski,M.V., Musheev,M.U., Drabovich,A.P., Jitkova,J.V. 
and Krylov,S.N. (2006) Non-SELEX: selection of aptamers 
without intermediate amplification of candidate ohgonucleotides. 
Nat. Protoc, 1, 1359-1369. 

21. Berezovski,M. and Krylov,S.N. (2005) Thermochemistry of 
protein-DNA interaction studied with temperature-controlled 
nonequiUbrium capillary electrophoresis of equihbrium mixtures. 
Anal. Chem., 11, 1526-1529. 

22. Ruff,P., Pai,R.B. and Storici,F. (2012) Real-Time PCR-Coupled 
CE-SELEX for DNA Aptamer selection. ISRN Mol. Biol, 2012, 
Article ID 939083, 9 pages. 

23. Dujon,B. (1980) Sequence of the intron and flanking exons of the 
mitochondrial 21 S rRNA gene of yeast strains having different 
alleles at the omega and rib-1 loci. Cell, 20, 185-197. 

24. Storici,F., Bebenek,K., Kunkel,T.A., Gordenin,D.A. and 
Resnick,M.A. (2007) RNA-templated DNA repair. Nature, 447, 
338-341. 

25. Stuckey,S., Mukherjee,K. and Storici,F. (2011) In vivo site-specific 
mutagenesis and gene collage using the dehtto perfetto system in 
yeast Saccharomyces cerevisiae. Methods Mol. Biol, 745, 173-191. 

26. Storici,F. and Resnick,M.A. (2006) The dehtto perfetto approach 
to in vivo site-directed mutagenesis and chromosome 
rearrangements with synthetic ohgonucleotides in yeast. Methods 
Enzymol, 409, 329-345. 

27. Katz,S.S., Gimble,F.S. and Storici,F. (2014) To nick or not to 
nick: comparison of I-Scel single- and double-strand break- 
induced recombination in yeast and human cells. PloS One, 9, 
e88840. 

28. Porteus,M.H. and Baltimore,D. (2003) Chimeric nucleases 
stimulate gene targeting in human cells. Science, 300, 763. 

29. Hirsch,M.L., Storici,F., Li,C.W., Choi,V.W. and Samulski,R.J. 
(2009) AAV recombineering with single strand ohgonucleotides. 
PloS One, 4, e7705. 



30. Grieger,J.C., Choi,V.W. and Samulski,R.J. (2006) Production and 
characterization of adeno-associated viral vectors. Nat. Protocols, 
1, 1412-1428. 

31. Romani,A.M. and Scarpa,A. (2000) Regulation of cellular 
magnesium. Front. Biosci., 5, D720-D734. 

32. Noda,M. and Hiyama,T.Y. (2005) Sodium-level-sensitive sodium 
channel and salt-intake behavior. Chem. Senses, 30, 144-145. 

33. Mahlknecht,G., Maron,R., Mancini,M., Schechter,B., Sela,M. and 
Yarden,Y. (2013) Aptamer to ErbB-2/HER2 enhances 
degradation of the target and inhibits tumorigenic growth. Proc. 
Natl Acad. Sci. USA, 110, 8170-8175. 

34. McKeague,M., Bradley,C.R., De Girolamo,A., Visconti,A., 
Miller,J.D. and Derosa,M.C. (2010) Screening and initial binding 
assessment of fumonisin b(l) aptamers. Int. J. Mol. Sci., 11, 
4864-4881. 

35. Kiga,D., Futamura,Y., Sakamoto,K. and Yokoyama,S. (1998) An 
RNA aptamer to the xanthine/guanine base with a distinctive 
mode of purine recognition. Nucleic Acids Res., 26, 1755-1760. 

36. Berezovski,M. and Krylov,S.N. (2002) Nonequihbrium capillary 
electrophoresis of equihbrium mixtures — a single experiment 
reveals equihbrium and kinetic parameters of protein-DNA 
interactions. /. Am. Chem. Soc, 124, 13674-13675. 

37. Parsons,C.A., Baumann,P., Van Dyck,E. and West,S.C. (2000) 
Precise binding of single-stranded DNA termini by human 
RAD52 protein. EMBO J., 19, 4175-4181. 

38. Cowperthwaite,M.C. and Ellington,A.D. (2008) Bioinformatic 
analysis of the contribution of primer sequences to aptamer 
structures. /. Mol. Evol., 67, 95-102. 

39. Pan,W. and Clawson,G.A. (2009) The shorter the better: reducing 
fixed primer regions of ohgonucleotide libraries for aptamer 
selection. Molecules, 14, 1353-1369. 

40. Legiewicz,M., Lozupone,C., Knight,R. and Yarus,M. (2005) Size, 
constant sequences, and optimal selection. RNA, 11, 1701-1709. 

41. Stafford,P. and Brun,M. (2007) Three methods for optimization 
of cross-laboratory and cross-platform microarray expression 
data. Nucleic Acids Res., 35, e72. 

42. Yu,X. and Gabriel,A. (2003) Ku-dependent and Ku-independent 
end-joining pathways lead to chromosomal rearrangements during 
double-strand break repair in Saccharomyces cerevisiae. Genetics, 
163, 843-856. 

43. Tuerk,C. and Gold,L. (1990) Systematic evolution of ligands by 
exponential enrichment: RNA hgands to bacteriophage T4 DNA 
polymerase. Science, 249, 505-510. 

44. Ellington,A.D. and Szostak,J.W. (1990) In vitro selection of RNA 
molecules that bind specific ligands. Nature, 346, 818-822. 

45. Cheng,A.K., Ge,B. and Yu,H.Z. (2007) Aptamer-based biosensors 
for label-free voltammetric detection of lysozyme. Anal. Chem., 
19, 5158-5164. 

46. Stojanovic,M.N. and Kolpashchikov,D.M. (2004) Modular 
aptameric sensors. /. Am. Chem. Soc, 126, 9266-9270. 

47. Barbas,A.S., Mi,J., Clary,B.M. and White,R.R. (2010) Aptamer 
apphcations for targeted cancer therapy. Future Oncol., 6, 
1117-1126. 

48. Kim,Y.G., Cha,J. and Chandrasegaran,S. (1996) Hybrid 
restriction enzymes: zinc finger fusions to Fok I cleavage domain. 
Proc. Natl Acad. Sci. USA, 93, 1156-1160. 

49. Moscou,M.J. and Bogdanove,A.J. (2009) A simple cipher governs 
DNA recognition by TAL effectors. Science, 326, 1501. 

50. Cong,L., Ran,F.A., Cox,D., Lin,S., Barretto,R., Habib,N., 
Hsu,P.D., Wu,X., Jiang,W., Marraffini,L.A. et al. (2013) 
Multiplex genome engineering using CRISPR/Cas systems. 
Science, 339, 819-823. 



